This paper discusses common misconceptions about the glycaemic index (GI). The rate of carbohydrate digestion is only one of the many determinants of GI and, hence, in vitro methods cannot reliably predict the GI of a food. GI has been criticized as being extremely variable between subjects and not applying in mixed meals. In fact, however, GI controls for differences in glycaemic response between individuals and apparent differences are due to within-individual, variation which does not detract from the ability of GI to predict average glycaemic responses. The conclusion that GI does not apply in mixed meals is based on flawed methodology; recent studies show that nearly 90% of the variation in glycaemic response of realistic mixed meals can be explained by differences in carbohydrate content and GI. The health benefits of low GI foods tend to be ascribed to their slow rate of digestion and reduced post-prandial insulin responses. While the former is important, it is not the only mechanism involved, since low GI sugars may have some of the same effects as slowly absorbed starch. The role of insulin is questioned because, unlike GI, the insulinaemic index (II) of foods may vary in different subjects and, hence, may not be a valid measure. It is not clear that high insulin exacerbates obesity; indeed, there is good evidence that hyperinsulinaemia is associated with reduced weight gain. The public health message about GI is usually to avoid refined foods, eat more fruits and vegetables instead of concentrated juice, and have more pasta and less potato. However, with respect to GI, all of these recommendations are wrong and will ultimately cause confusion and rejection of the concept. An alternative, more scientifically accurate message is suggested.
Introduction
In reflecting on the physiological mechanisms and observed health impacts of the glycaemic index (GI), I would like to focus on four issues: the definition and meaning of the term 'GI', GI and mixed meals, the physiological mechanisms responsible for the putative health impacts of GI, and public health messages about GI.
Definition and meaning of GI
GI is a ratio of the incremental area under the glycaemic response curve AUC elicited by test food (F) and the reference (R) on separate occasions in the same subject:
The fact that GI is a biological measurement leads to a number of criticisms related to the cost and difficulty of determining the GI of a food and misconceptions about the variability and applicability of the results obtained.
Rate of digestion of CHO and GI
In general, it is considered most desirable if the nutritional attributes of a food can be determined by chemical or in vitro methods of analysis, because these are less expensive and may be more precise than biological measures. For this reason, it has been suggested that measurement of the rate of digestion of starch in vitro is a measure that can be used to predict the GI values of foods. The rate of digestion of carbohydrate (CHO) is one prominent feature of a food that influences the glycaemic response it elicits, however, it is not the only factor; others include (but are not limited to) the rate of gastric emptying, the nature of the monosaccharides absorbed and the insulin response elicited by the food. The rate of gastric emptying is reduced by organic acids present in common foods such as sour-dough breads, and may be the mechanism responsible for the low glycaemic responses they elicit.
1 This mechanism may have slightly different physiological implications than a slow-rate of digestion, such as a different effect on second-meal CHO tolerance. 2,3 Sugars such as sucrose, lactose and fructose have a lower GI than glucose because the fructose and galactose moieties they contain do not raise blood glucose. It also appears that the GI of milk and other dairy products may be lower than expected from their CHO composition because the proteins they contain elicit particularly high-insulin responses. 4 Thus, the results from in vitro digestion do not always correlate with in vivo measurements of glycaemic response 5 ( Figure 1 ), and are not necessarily accurate estimates of the GI. 6 Variation of GI between-and within-subjects A common criticism of the GI is that it varies in different subjects or varies from day-to-day in the same subject. It is true that the absolute glycaemic responses, that is, incremental area under the curve, elicited by a standard test-meal vary from day-to-day within the same subject and also between subjects. However, expressing results as GI vastly reduces the between-subject variation of glycaemic responses elicited by the same food. Apparent between-and withinsubject variations in GI are actually due to random, day-today variation of glycaemic responses within subjects. The following explains this somewhat paradoxical phenomenon. As indicated above, GI is a ratio of the incremental area under the glycaemic response curve AUC elicited by test food (F) and the reference (R) on separate occasions in the same subject: GI ¼ 100 Â AUC F /AUC R . In fact, GI methodology stipulates that the value of AUC R should be the average of two or three tests of the reference food on separate occasions. This is because the value of GI depends as much, if not more, on the AUC elicited by the reference food, as on that elicited by the test food. Since AUC F and AUC R are determined on separate occasions in the same individual, they vary independently to a degree determined by the withinindividual variation of the particular subject. The point being made here is that random variation in glycaemic responses from day-to-day results in variation in the GI value of individual subjects, which may have nothing to do with any 'true' difference between subjects. Indeed, experimental results suggest that the GI does not differ significantly in different individuals. Recently, we determined the GI values of 5 foods in 47 normal subjects. 8 The left panel of Figure 2 , which shows the mean AUC and GI values of each of 47 normal subjects, demonstrates that there were large differences in AUC between subjects, but a relatively small amount of variation in GI. The right panel of Figure 2 shows the sources of variation of AUC and GI values; about 50% of the variance in the glycaemic AUC values was due to variation between subjects, about 25% was due to day-to-day variation within subjects and 25% to variation between foods. However, when expressed as GI, total variance was reduced by B45%, and this was entirely explained by reduced variation between subjects. Thus, most of the variation in GI seen in different individuals for the same food is due to day-to-day variation in glycaemic responses within individuals. Day-to-day variation in glycaemic responses within individuals is not unique to the GI, it is a phenomenon that applies not only to glycaemic responses but also to fasting blood glucose and the concentrations or responses of any compound in human blood, such as insulin, cholesterol or triglycerides. Within- Physiological mechanisms and observed health impacts TMS Wolever indvidual variation does not detract from the utility of GI and differences in food GI are reflected in differences in the average glycaemic responses of individuals.
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Application of GI in mixed meals
For over 20 years authors have been concluding that the GI of individual foods do not predict the glycaemic impact of mixed meals. [10] [11] [12] The explanation given for this is that the confounding effects of fat and protein, along with many other subject-and meal-related variables, on glycaemic responses overwhelm any differences due to the GI of individual foods, which are unpredictable anyway because of variation in cooking, processing, chewing, etc. 13 However, only a minority of studies do not support the utility of the GI in mixed meals and virtually every study concluding that GI does not apply in mixed meals suffers from methodological flaws that render that conclusion invalid. 14 Physiological mechanisms for health benefits of low GI foods
The health benefits of low GI foods tend to be ascribed to their slow rate of digestion and reduced post-prandial insulin responses. However, evidence suggests there is more to it than this.
Slow digestion of CHO vs monosaccharides absorbed
Reducing the rate of digestion of CHO has important health implications. For example, in the STOP-NIDDM trial, we
showed that acarbose, a drug that inhibits the digestion of CHO, delayed the progression of impaired glucose tolerance to diabetes 25 and significantly reduced the development of hypertension and cardiovascular disease. 26 Indeed, the STOP-NIDDM trial was the first to show that a treatment that improves insulin sensitivity 27 prevents cardiovascular disease. These results are consistent with the results of some (but not all) prospective trials showing that low GI diets are associated with a reduced risk of developing diabetes and cardiovascular disease. However, the beneficial effects of a low GI diet based on epidemiological studies cannot be ascribed solely to a reduced rate of CHO digestion. One of the strongest correlates of overall diet GI is the intake of simple sugars -low GI diets are associated with significantly higher simple sugars intake than high GI diets 28, 29 ( Figure 3 ). This is because high carbohydrate foods whose carbohydrates consist of simple sugars, such as fruits and dairy products, often have a lower GI than starchy carbohydrate foods such as breads, rice and breakfast cereals. Breakfast cereals sweetened with added sucrose may have a lower GI than the unsweetened variety. 30 Many clinical trials show that replacing rapidly digested high GI starch foods with slowly digested low GI starchy foods improves glycaemic control in diabetes. 31 However, a number of small, but well controlled, long-term trials show that glycaemic control in diabetes is also improved by replacing moderate amounts (40-50 g/day) of starch or sucrose with fructose, and that this is associated with no deleterious effect on blood lipids (Figure 4 ).
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I am not advocating indiscriminate use of unrestricted amounts of fructose or other sugars; however, some low GI foods have a low GI because of the sugars they contain, and the fructose studies referred to above suggest that reducing diet GI using low GI sugars may have some of the same effects as the use of slowly digested starchy foods.
Low insulin responses
It is often suggested that the key feature of low GI foods responsible for their health benefits is their ability to reduce post-prandial plasma insulin responses. High plasma insulin concentrations are believed to cause a range of deleterious Right: partitioning of variance of AUC and GI values (all AUC values were multiplied by 0.5155 so that the mean AUC was the same as the mean GI). These graphs show that GI controls for variation between subjects.
Physiological mechanisms and observed health impacts TMS Wolever effects including increased food intake, increased fat storage, insulin resistance, b-cell exhaustion and hyperlipidaemia. Indeed, so strong among nutritionists is the belief in the beneficial effects of lowering plasma insulin that one of the major criticisms of GI is that post-prandial glucose responses do not predict post-prandial insulin responses. 13 However, reliable prediction of post-prandial insulin responses could prove to be an elusive goal and I am not convinced that high post-prandial insulin concentrations necessarily have all the harmful effects ascribed to them. A number of papers report insulinaemic index (II) values; II is analogous to GI, being the insulin response elicited by a portion of food containing 50 g avCHO relative to 50 g glucose. Nevertheless, there is emerging evidence that the relative insulin responses of foods differ in different groups of subjects. We compared the plasma glucose and insulin responses elicited by a portion of a standardized test meal wafer containing 50 g avCHO with those elicited by 75 g glucose in four groups of subjects: lean normal, obese normal, impaired glucose tolerance and type 2 diabetes. The mean relative glucose response of the test meal wafer was similar in the four subject groups (5176, 4174, 5274 and 5472%, respectively), whereas mean the relative insulin responses differed significantly (5973, 5075, 6973 and 8477%). 38 Recently, we compared the plasma glucose and insulin responses elicited by control and high-fibre cereals in 35 men with low fasting insulin and 42 men with high fasting insulin. 39 The glycaemic response elicited by the high-fibre cereal, expressed as a percentage of that elicited by the control, was not related to the subjects' fasting plasma insulin (FPI), but the relative insulin response was inversely related to FPI ( Figure 5 ). Both these studies suggest that the relative insulin response elicited by a food depends on the subject in whom it is tested, and, hence, that II may not be a valid property of foods.
Is lowering plasma insulin beneficial?
Some of the benefits of low GI foods may be due to reduced post-prandial insulin responses, but reduced plasma insulin Fasting Insulin at Screening (pmol/L) Relative Response (%) Figure 5 Relationships between glucose and insulin response areas under the curve elicited by a high fibre expressed as a percentage of the response elicited by a low fibre control cereal (containing the same amount of available carbohydrate) in 77 men and their fasting insulin concentration at screening. 40 There was no correlation between relative glucose response and fasting insulin. The correlation between relative insulin response and fasting insulin was significant whether the outlier (open circle) was included (r ¼ 0.240,
Physiological mechanisms and observed health impacts TMS Wolever is not necessarily beneficial in all situations, and other mechanisms may be involved, such as reduced-fluctuations in blood glucose per se, or differences in gut hormone responses. Space does not permit a full discussion of this controversial issue. As the focus of the workshop is on obesity, it is relevant to consider whether plasma insulin concentrations influence body weight regulation. One school of thought is that hyperinsulinaemia increases fat synthesis, food intake and weight gain. But, in fact, hyperinsulinaemia reduces hepatic very low density lipoprotein triglyceride production in normal subjects. 40, 41 Insulin may stimulate de-novo synthesis of fatty acids from glucose in adipose tissue, but quantitatively this appears to be less important in humans than in rats 42 and I am not clear about the physiological significance of this pathway in humans. Indeed, hyperinsulinaemic adults tend to gain less weight than those with low plasma insulin. [43] [44] [45] [46] This does not support a role of hyperinsulinaemia in causing obesity. It is often suggested that post-prandial insulin responses play a role in appetite regulation. However, the effect on appetite and food intake of short-term increases in plasma insulin concentrations achieved with intravenous glucose and/or insulin infusions are not consistent. [47] [48] [49] [50] There are few data on the effect of chronic hyperinsulinaemia on appetite regulation. We recently found that when normal and hyperinsulinaemic men were provided with adlibitum pizza 1 h after preloads of water or glucose solution, the hyperinsulinaemic men consumed significantly less pizza, and tended to compensate for the energy in the glucose pre-load to a greater extent than men with low plasma insulin. 51 This does not support the concept that high plasma insulin promotes increased food intake, but is more in line with the view that insulin resistance and hyperinsulinaemia is a physiological response to obesity which tends to protect against further weight gain.
Public health messages about GI
Converting complex science into a simple public health message can be difficult. The kind of public health message often given about GI is to avoid refined foods, eat more fruits and vegetables instead of concentrated juice, and have more pasta and less potato. These messages are mostly wrong! The term 'refined' can mean many different things; certainly, some food processing methods are associated with increased glycaemic responses, such as extruding or puffing starch. However, white bread often considered to be the ultimate refined food; presumably, then, wholewheat bread would be considered less refined. However, wholewheat bread, brown rice and brown spaghetti had the same GI values as their 'refined' white versions. 52 Fruits often have a low GI, but evidence suggests that whole fruit has the same GI as its juice 53 ( Figure 6 ). I support the recommendation to have fruit instead of juice, but not because it has a lower GI.
Eating more vegetables is a good public health message, but not because of GI. Indeed, we do not even know the GI of most vegetables because they do not contain enough carbohydrate to enable GI to be measured.
It is true that average GI of all potatoes is greater than that for pasta. However, one cannot accurately generalize about the GI values of potatoes or pasta, which vary over wide and overlapping ranges, 25-111 for potatoes and 27-78 for pasta depending on variety, processing and cooking. [54] [55] [56] [57] [58] If we keep giving the wrong messages about GI, people will get confused and reject a potentially helpful concept. Appropriate GI advice compliments current recommendations for moderately low fat, high carbohydrate diets with a low-energy density. A more accurate message about GI would be 'choose high carbohydrate foods (breads, cereals, grains, fruit, dairy products) with a lower GI'. However, for successful implementation, the GI of foods would have to be measured accurately and precisely and consumers provided with reliable information about the results of such tests.
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